An obligately anaerobic bacterium which transforms several chlorinated phenols was isolated. Dechlorination of the substituents ortho to the phenolic OH group was preferred, while removal of a meta-substituted chlorine was observed only with 3,5-dichlorophenol. The bacterium was a gram-positive, endospore-forming, motile, slightly curved rod. Sulfate was not reduced. Nitrate was reduced via nitrite to ammonium. The bacterium is related to the genus Clostridium. The highest growth rate was obtained in a medium containing pyruvate and yeast extract. Pyruvate supported growth as the sole source of carbon, and the fermentation of pyruvate produced almost equimolar amounts of acetate.
Halogenated organic compounds are widely used as biocides, flame retardants, or solvents or in synthetic chemistry, and because of their polluting properties their biotransformation is currently being investigated. In anaerobic environments, halogenated compounds are usually transformed by reductive dehalogenation. The chemicals involved include aliphatics, such as chlorinated ethenes (7, 25) , and aromatics, such as chlorinated anilines (13, 23) , benzenes (1, 8) , benzoates (12, 22) , biphenyls (20, 26) , and phenols (2, 17) . Most of these studies have used mixed cultures, and only a few stable enrichments or pure cultures of dechlorinating anaerobes exist. Desulfomonile tiedjei (4), formerly strain DCB-1 (22) , is the best-described dechlorinating anaerobic bacterium to date. The characterization of D. tiedjei has provided fundamental insight in the reductive dechlorination of 3-chlorobenzoate. The observation of Dolfing (6) that D. tiedjei can conserve energy from the dechlorination of 3-chlorobenzoate is especially encouraging for the future isolation of dehalogenating bacteria.
It was recently reported that D. tiedjei is able to dechlorinate meta-substituted chlorophenols (CPs) (18) . Besides D. tiedjei no pure cultures of anaerobic bacteria have been available which transform chlorinated aromatic compounds. Some studies have used carefully selected consortia of CP-transforming organisms (5, 16, 28) . Dietrich and Winter (5) assumed that a spirochetelike bacterium was responsible for the dechlorination of 2-CP in their enrichment culture, but attempts to isolate this organism failed. The group of Wiegel proposed that a spore-forming bacterium transformed 2,4-dichlorophenol (DCP) to 4-CP in a sediment-free consortium. However, a sediment-free enrichment culture dechlorinating 4-CP was not obtained (28) .
We have previously reported that a spore-forming anaerobe was presumably involved in the dechlorination of 2,4,6-trichlorophenol (TCP) via 2,4-DCP to 4-CP (16) . Here we describe the isolation and partial characterization of an anaerobic CP-transforming bacterium.
MATERIALS AND METHODS
Organisms and culture conditions. A stable TCP-dechlorinating consortium was selected from municipal sludge. Fol-* Corresponding author. lowing a heat treatment at 80°C for 60 min, the culture consisted mainly of sporeformers (16) . The enrichment was grown in a basal salt medium containing 0.1% (wt/vol) yeast extract (15) . The vitamin solution differed from the one previously used (15) by the addition of 10 ,ug of 1,4-naphthoquinone per liter of medium. An atmosphere of N2:CO2 (8:2) was used unless otherwise indicated, and the culture was grown at 37°C in the dark. It was maintained by transferring an inoculum (1%) every 1 to 2 weeks to fresh medium containing 150 ,uM 2,4,6-TCP.
Isolation of a dechlorinating bacterium. On the basis of the assumption that the dechlorinating bacteria depended on metabolic activities by other members of the community, the basal salt medium (15) was diluted 1:1 with a 0.2-,um-poresize-filtered culture fluid from an actively dechlorinating culture. This culture fluid medium (CF medium) was boiled and flushed with N2:CO2 (8:2) . For the isolation, 4 ml of the CF medium to which 3% agar was added was dispensed into anaerobic culture tubes (18 by 142 mm; Bellco Glass Inc.), or 20 ml was dispensed into 57-ml serum bottles, and autoclaved for 20 min. The medium was reduced by adding 0.35 mM titanium(III) citrate before use (27) .
The consortium was diluted serially (10-3 to 10-7), inoculated into the culture tubes, and treated in a water bath at 80°C for 60 min. The medium was then distributed in a thin layer on the inner surface of the tubes, and the gas phase was pressurized with H2 (21.1 kPa). The culture tubes were incubated at 37°C in the dark. After 4 weeks, colonies were transferred with Pasteur pipettes with bent tips and placed into serum bottles with liquid CF medium and 150 ,uM 2,4,6-TCP. The serum bottles were pressurized with H2 (12.7 kPa). The dechlorinating isolates obtained in the first transfer were subcultured by inoculation of culture tubes with agar medium, and new single colonies were suspended in liquid medium after 4 weeks. This procedure was repeated to ensure purity of the culture. Three generations of colonies were transferred from solid to liquid medium before the culture was used for experiments. (19) . Growth was measured asA485 by using a Bausch and Lomb Spectronic 70 spectrophotometer. All experiments were performed in triplicate, and incubations were at 37°C in the dark unless otherwise stated.
Analytical methods. Samples for quantification of CPs were treated with disodium tetraborate decahydrate, acetylated by adding 20 pl of acetic anhydride, and extracted with 2 or 3 ml of pentane. The extracts were analyzed on a HP 5890 chromatograph with an electron capture detector as previously described (15) . For quantification of monochlorophenols, the column temperature was maintained at 80°C for 2 min and increased to 130°C at 10°C min-1. Volatile fatty acids derived from fermentation of the various substrates were measured on a HP 5890 gas chromatograph by the flame ionization detector (16) . Sulfate was determined spectrophotometrically after precipitation of barium sulfate (15) . Nitrate, nitrite, and ammonium were quantified by a Technicon Autoanalyzer II at 545 nm after reaction with sulfanilamide and N-(1-naphthyl)-ethylenediamine dihydrochloride at pH 2. NO3 was measured as N02 after reduction with hydrazinsulfate (9). Denitrification was assayed by adding acetylene (7.6 kPa) and measuring the evolution of N20 by injection of headspace samples in a HP 5890 gas chromatograph with an electron capture detector (24) .
Microscopy. Phase photomicrographs were taken on an Olympus BH-2 phase-contrast microscope. Cell samples for electron microscopy were fixed in 4% glutaraldehyde and postfixed in 1% OS04 as previously described (11) . The electron micrographs were taken by a JEOL-100SX electron microscope operated at 80 kV.
RESULTS
Isolation of a dechlorinating bacterium. In the first transfer of colonies into liquid medium, 3 of 100 isolates transformed 2,4,6-TCP. When the dechlorinating isolates were subcultured on solid medium, small brown-yellow filamentous colonies appeared after 4 weeks. The CF medium used for isolation was not a requirement for growth of DCB-2, as the bacterium could be maintained on the basal salt medium with 0.1% (wt/vol) yeast extract. The dechlorinating bacterium, strain DCB-2, was a slightly curved rod, 3.3 to 6.0 p.m long and 0.6 to 0.7 p.m wide. Late-log-phase cells were used for the photomicrograph shown in Fig. 1 . At this stage of growth, a terminal endospore was normally present in a minority of the cells. The oval spore distended the cell (Fig.  1 ). Cells were highly motile, often linked in pairs, and stained gram-positive. Electron micrographs showed internal structures (Fig. 2) .
Characterization. (Fig. 3) . We estimate that the generation time of the bacterium in pyruvate-yeast extract medium was approximately 24 h. (Fig. 4) . The maximum dechlorination rates observed were 1. sterile controls incubated for 200 h with 300 ,uM 4-CP (data not shown). The presence of 20 mM sulfate or 10 mM nitrate had no effect on the dechlorination of 2,4,6-TCP (data not shown).
Range of chlorophenolic substrates. We examined the range of CPs transformed by strain DCB-2 in an experiment in which the chlorinated substrates were added at 40 ,uM. The highest rate for the initial dechlorination (Table 2) . PCP, 2,4,5-TCP, 2,4,6-TCP, and 2,4-DCP were all dechlorinated in the ortho position(s). Dechlorination was not limited to the ortho position, as the meta-substituted 3,5-DCP was transformed to 3-CP. No elimination of the para-chlorine substituent was noted (Table 2 ). For CPs which were dechlorinated by DCB-2, lag periods were shorter than 4 h or nonexistent.
The dechlorination of 3,5-DCP was highly influenced by the concentration of the chemical. When 3,5-DCP was added at approximately 45 ,uM, it was rapidly converted to 3-CP in stoichiometric amounts (Fig. 5) . In this experiment, 3,5-DCP was transformed at 264 ,umol of Cl-h-1 g of protein-' (r2 = 0.98); i.e., the dechlorination was faster than reported in Table 2 . However, no transformation was observed when 3,5-DCP was added at 150 ,M (data not shown). The meta-substituted chlorines of 3,4,5-TCP and 3,4-DCP were not eliminated, and none of the monochlorophenols were transformed by DCB-2. These compounds persisted after 7 days of incubation ( Table 2) . 
DISCUSSION
DCB-2 is an obligately anaerobic spore-forming bacterium, although tolerance to oxygen was observed. The bacterium is motile and stains gram-positive. Sulfate was not reduced. On the basis of these characteristics we propose that strain DCB-2 is related to the genus Clostridium. The positive catalase reaction of DCB-2 does not fit into the general description of clostridia. Clostridium species usually do not produce catalase, but trace amounts may be detected in some strains (3). Pyruvate was the only substrate that stimulated growth when used as the sole carbon source. The quantification of fermentation products indicates that pyruvate was almost completely oxidized to acetate (Table 1): CH3COCOOH + H20 -O CH3COOH + CO2 + H2. H2
produced from the fermentation of pyruvate could serve as the electron donor for reductive dechlorination (15) . DCB-2 transformed several chlorinated phenols with a preference for removal of the ortho substituent. The rapid dechlorination of 2,4,6-TCP ( Fig. 4; Table 2 ) may be explained by adaptation due to the previous exposure with higher concentrations of 2,4,6-TCP or by the relative low toxicity of this compound (16, 21) . Inhibition of bacterial activities by PCP is commonly observed (10, 21) , and the slow dechlorination of 40 ,uM PCP (Table 2) was probably caused by toxic effects. Strain DCB-2 also dechlorinated one of the meta chlorines of 3,5-DCP at low initial concentrations ( Table 2 ). The transformation rate increased to 264
,umol of Cl-h-1 g of protein-' in the second experiment with 3,5-DCP as the substrate (Fig. 5) , and DCB-2 apparently adapted to the dechlorination at the meta position. The transformation of 3,5-DCP was rapid compared with that of 2,4-DCP, a metabolite from 2,4,6-TCP dechlorination (Table  2) . A similar observation was noted in early experiments with the consortium from which strain DCB-2 was isolated (15) . The meta substituent was not eliminated from any other of the examined CPs. One of the meta-substituted CPs in this study was 2,4,5-TCP, which was transformed by ortho-aryl cleavage to 3,4-DCP. The observation that 3,4,5-TCP and 3,4-DCP were not dechlorinated suggests that the enzymes synthesized by DCB-2 are not active against meta substituents in the presence of vicinal chlorines. Alternatively, the persistency of these compounds may be explained by a higher toxicity due to the para substituent. The CP-transforming activity was presumably influenced by toxic effects of the chlorinated substrates as indicated by the inhibition of dechlorination when 3,5-DCP was added at 150 ,uM. Recent experiments with D. tiedjei showed that this strain is able to transform meta-substituted CPs at low concentrations with the exception of 3-CP (18) . CP transformation occurred only after the cells had been induced with 3-chlorobenzoate, and the chlorophenolic substrates did not induce the dechlorination activity in D. tiedjei (18) . The dechlorination of CPs by strain DCB-2 is apparently different from the mechanisms reported for D. tiedjei. DCB-2 had no requirement for an inducing substrate besides the CPs, and experiments with the mixed culture containing DCB-2 indicated that the dechlorination of 2,4,6-TCP and 2,4-DCP was regulated by separate inducible enzymes (16) . The maximum rate of 2,4,6-TCP dechlorination by DCB-2 was 1.8 mmol of Cl-h-1 g of protein-1, which was markedly higher than the PCP transformation rate of 54 ,umol of Cl-h-1 g of protein-1 observed in cell suspensions of D. tiedjei (18 (16) . The improved dechlorination in DCB-2 cultures may be due to (i) the identification of pyruvate as a more appropriate carbon substrate and (ii) the lack of competition in pure culture. We have shown previously that, e.g., sulfate reduction outcompeted dechlorination for H2 and possibly other electron donors in the consortium (15) . Strain DCB-2 differs from D. tiedjei by a number of physiological characteristics, e.g., the presence of spores and the inability to reduce sulfate. Another difference was seen in the specificity of the dehalogenation reaction. Dechlorination by DCB-2 was observed at both the ortho and meta positions, while D. tiedjei is limited to the removal of meta halosubstituents (14, 18) . More optimal conditions for culturing DCB-2 will probably be defined in the future, which may enhance the potential for transformation of other classes of halogenated compounds, as has been observed with D. tiedjei (7, 18) .
